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Abstract 
This paper describes development of a Hybrid Mass Damper (HMD) and its application to four actual high-rise 

buildings. This HMD consists of an Active Mass Damper (AMD) installed on a Tuned Mass Damper (TMD) 
supported by four Multi-Layer Laminated Rubber Bearings. This HMD has a merit which makes it possible to 
shift smoothly from TMD to HMD according to the response level of building. The applied active control systems 
have a merit to make it possible to control the multi modes including torsional modes of building. This paper 
presents the solutions of those problems, and shows the vibration control effects. 
 
Keywords: hybrid mass damper; variable gain control; stroke constraint; velocity constraint; optimum filter 
 
 
 
1. Introduction 

For the purpose of improving the vibration amenity 
of high-rise building under strong winds or 
small-to-medium earthquakes, authors have been 
developing the active vibration control method that is 
composed of AC servomotor and ball screw shaft1-5. 
We have developed two types. One is AMD which is 
full active type, and the other is HMD which has the 
AMD on passive type TMD composed of added mass 
(namely passive mass) and Multi-Layer Laminated 
Rubber Bearing. This paper describes mainly the 
methods to construct HMD. 

In advance of the actual use of above-mentioned 
equipment, it was necessary to solve three important 
subjects as follows: how to correct the non-linear 
stiffness of Multi-Layer Laminated Rubber Bearing 
used in HMD, how to avoid the control-spillover, and 
how to control the stroke and velocity of AMD within 
its limitation in the case that large external force out of 
consideration acts on building. This paper presents the 
methods to cope with the above-mentioned three 
subjects, the buildings in which HMD is installed and 
the vibration control effects. 

 
2. Outlines of Building and Device 

The active vibration control device is installed in a 
building that is shown in Fig.1. This HMD is installed 
in a building of DENTSU INC. New Head Office in 

2002. The Dentsu tower has a unique shape of the 
floor plan which looks like crescent or boomerang. 
The frames spanning 15.9m are set at 7.2m intervals 
along about 140m long crescent shape and create 
boomerang shape office floor on the south side and 
service space inside. At the north side, rigid frames 
around the shuttle elevators are connected to the 
boomerang frames by two-story high reverse V-braces 
at the five floors where the shuttle elevators serve. 
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The outline of the composition of HMD is shown in 
Fig.2. The HMD consists of the AMD installed on the 
TMD which is supported with four Multi-Layer 
Laminated Rubber Bearing systems, two tensile spring 
systems and four compressive spring systems. The 
compressive spring works for correcting non-linear 
stiffness of Multi-Layer Laminated Rubber Bearings. 
The details are given in chapter 4. The passive part of 
HMD is equipped with anti-twist mechanism composed 
of linear bearing and the braking system that works 
under large external force such as large earthquakes. 
The HMD system acts as TMD in the right-angled 
direction, because the Multi-Layer Laminated Rubber 
Bearing in the HMD has the coil springs between the 
element of rubber bearings in the right-angled direction 
to the active one for tuning the period of its direction. 

Fig.3 shows the results of comparing between the 
measured responses and ones derived from analyzing 
with reduction model. 

 
3. Identification of AMD and its Converting 
Method 

It is difficult to develop the characteristic of AC 
servomotor theoretically, because AC servomotor is 
driven with the three-phased electric current. 
Therefore we decided to make the device model from 
the observed characteristic of AMD. Original AC 
servomotor has characteristic with the velocity 
controlled type, and its characteristic is expressed as 
follows: 

01
2 ++

=
αsαs

β
ν
z&  (1) 

where, 0α , 1α and β mean the coefficients of dynamic 
characteristic of AC servomotor, ν  means input 
voltage to AC servomotor, z  means the stroke 
displacement of active mass of AMD, and s  means 
the variable of Laplace transformation. 

It was difficult to control directly the stroke of AMD 
within its limits under the large input force, because the 
conventional AC servomotor has characteristic with 
velocity controlled type1-3. Authors hence developed 
the method of converting the characteristic of AC 
servomotor from its original velocity controlled type 
into displacement controlled type with installing minor 
loops for AC servomotor4-5. We decide to introduce the 
minor loop gains for above-mentioned purpose, and 
they are found under the condition that the acceleration 
feed back gain of AMD is not used because of escaping 
the control-spillover caused by acceleration feed-back 
loop. Fig.4 shows the concept of block diagram that has 
minor loops with displacement and velocity gains of the 
AC servomotor. The characteristic of transfer function 
from ν  to z& in Fig.4 is expressed in equation (1).  

Mass AMD:2.0x104kg , TMD:2.0x105kg 
Maximum Stroke AMD:105.0cm , TMD:70.0cm 
Maximum Force 26.1kN(AMD) 
AC Servomotor 55kW(AMD) 
The minor loop gains ),( vd ggG  is led with the aim 

of converting the transfer function from u  to z  into 
the constant in its low frequency, namely, 
displacement controlled type. Input voltage ν  to the 
motor is expressed in equation (2) by using the 
manipulated voltage u  and the voltage from the 
minor loops. Incidentally, equation (2) contains a 
sensor characteristic. 
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where, 1a , 0a and b  mean the coefficients of 
dynamic characteristic of displacement sensor, 

1c , 2c and d  mean the coefficients of dynamic 
characteristic of velocity sensor. Equation (3) is 
derived from substituting equation (2) for (1) using 
relationship szz =& . 

GFsEsDsCsBsAss
KJsIsHssβ

u
xa

+++++++
)++++(

= 234567

234

 (3) 

 HαA += 1 , IHααB ++= 10 , JIαHαC ++= 10 , 
 vgdβKJαIαD 010 +++= , )+(++= 1110 dgabgβKαJαE d , 
 )+(+= 1010 dgagbcβKαF d , dgbcβG 0= , 11 += caH , 
 cacaI 100 ++= , 0110 += cacaJ , 00= caK  

A characteristic change of AC servomotor is shown 
in the following way. In other words, by using a minor 
loops, a low mode area of the building is made a 
displacement controlled type and then a high mode 
area is made a velocity controlled type. Here, a minor 
loop gains ),( vd ggG  is fixed by the following 
expression. 

   
Fig. 5 shows a converted and conventional 

characteristics which is actually installed on DENTSU 
INC. New Head Office. In the case of using AC 
servomotor with above mentioned minor loops, it has 
the effect to prevent the displacement and velocity of 
active mass from overshooting to input signal. 

 
4. Composition if HMD and Correcting 
Method of Non-linearity 

Our proposed HMD is composed of above AMD set 
on passive mass of TMD supported with Multi-Layer 
Laminated Rubber Bearing. The Multi-Layer 
Laminated Rubber Bearing has no friction drag, thus 
TMD has the merit to move smoothly from small 
external force level. It becomes possible to shift the 
proposed device smoothly from TMD to HMD 
according to the response level of building. However, 
the passive mass system works as TMD only in the 
case that the response amplitude is within the limited 
range. Because in the case of DENTSU INC. New 
Head Office, though this building itself has almost the 
linear characteristic as shown in Fig.6, the 
Multi-Layer Laminated Rubber Bearing constructing 
TMD has non-linear characteristic of stiffness whose 
ratio of the restoring force to the deformation becomes 
smaller with the progress of its deformation. This 
figure also shows the characteristic of Multi-Layer 
Laminated Rubber Bearing actually used at DENTSU 
INC. New Head Office. 

Therefore we developed the method to correct the 
non-linear characteristic of TMD composed of 
Multi-Layer Laminated Rubber Bearing. Our 
proposed method is shown in Fig.7 that is composed 
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of the compressive spring installed between passive 
mass and installed floor of building with pin-supports 
at the both edges. In comparing the characteristic of 
Multi-Layer Laminated Rubber Bearing with the 
target characteristic as shown in Fig.6, Multi-Layer 
Laminated Rubber Bearing has too large restoring 
force comparing with the target one as far as they 
intersect. On the other hand, the compressive spring 
system generates negative restoring force in the range 
where the compression exists. This compressive 
spring system does not generate positive restoring 
force because the spring part leaves the pin-support 
part in the range where the tension works in the spring. 
The characteristic of compressive spring system is 
shown in Fig.6. 

The compressive spring gives the passive mass the 
horizontal component force xP  which is expressed as 
follows: 

θHxLkP Px sin)+-(-= 22
0  (4) 

where H , Px , 0L , k  denote the vertical length 
between the both edges of pin-support, the relative 
displacement of passive mass to its basement, natural 
length of the spring without stress, and stiffness of the 
spring respectively. And θ  represents the angle of 
displacement Px  to vertical length H  as shown in 
Fig.7, thus θsin  is represented as follows: 

22 +=sin Hxxθ PP  (5) 

Equation (4) is rewritten by substituting equation 
(5) for (4) as follows: 

22

22
0

+

)+-(
-=

Hx

HxLxk
P

P

PP
x  (6) 

We conduct the differential calculus of equation (6) 
to Px  for the purpose of knowing the position where 
equation (6) has the maximum. 

2
322

2
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곜
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The condition for equation (6) having the maximum 
is given as follows: 

3222
0

4 )+(= HxLH M  (8) 

where Mx  denotes the displacement at which 
equation (6) has the maximum. When defining 0x  as 
the passive mass displacement at which the restoring 
force of the Multi-Layer Laminated Rubber Bearing 
agrees with that of the target, 0x  must meet the 
following condition. 

22
0

2
0 += HxL  (9) 

By solving the simultaneous equation of equation 
(8) and (9), H  which satisfies the condition of 
specified Mx  and 0x  is given as follows: 

2
1

22
0

22
0

3

}
)3-(2

)3-4+3(
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M

MMM

xx
xxxx

H  (10) 

It is found that Mx  becomes smaller than 31  of 
0x  as shown in equation (11), because the 

denominator of equation (10) must be positive. 
30xxM걙  (11) 

The natural length of the spring 0L  is derived from 
equation (9) as follows: 

22
00 += HxL  (12) 

We adjust Mx  to the position of the maximum 
difference between restoring force of the target and 
Multi-Layer Laminated Rubber Bearing. In denoting 
the maximum difference of both restoring forces as 

MP , and in substituting MP  and Mx  for xP  and Px  
in equation (6), the optimum stiffness of the 
compressed spring k  is given as follows: 

)+-(

+
=

22
0

22

HxLx

HxP
k

MM

MM  (13) 

We introduce the 2nd compressed spring to 
complement of the range of displacement position 
where non-linearity can not be corrected only by the 
1st one. The 1st system mainly corrects the 
characteristic in the range of large Px , and the 2nd 
system corrects that in the range of small Px . 

Fig.6 shows the actual case using the method that 
adjusts the characteristic of TMD. 

 
5. Formulation on State Equation 

The block diagram of the whole control system is 
shown in Fig.8. The state equation of the AC 
servomotor characteristic of the device a  which is 
converted with minor loops in Chapter 2 is shown as 
follows: 

zazaazaa uBZAZ +=&  (14) 

When the device b  is defined in same way, the 
expanded state equation joining both devices is shown 
as follows: 

zgzggzgg UBZAZ +=&  (15) 
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An expanded equation combining equation (15) and 
the building characteristic to have included TMD 
characteristic is represented as follows: 

zgUBXAX +=&  (16) 
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As the filter system is necessary to avoid the 
control-spillover caused by ignored high modes, the 
filter system is added to above system in equation (16). 
When zau  denotes the input signal to device a  in 
equation (16), the signal zau  is defined as output 
signal from filter a  whose characteristic is 
represented in equation (17). 

safafafafa uBXAX +=& , fafaza XCu =  (17) 

The filter to device b  is similarly shown as 
follows: 

sbfbfbfbfb uBXAX +=& , fbfbzb XCu =  (18) 

The expanded state equation joining above both 
original filter systems is shown as follows: 
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The expanded equation combining equations (16) 
and (19) is expressed as follows: 

GGGGG UBXAX +=&  (20) 
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6. Formation of the Optimum Filter 
Equation (21) denotes the feedback gain vectors 

that are calculated by applying the optimum control 
theory to equation (20) under the condition that the 
control weightings are given to the velocity responses 
of the building and the displacements of passive 
masses. 

][ fZS KKKK =  (21) 

The operating value GU  of equation (20) can be 
rewritten into equation (22) that is divided into the 
gains for the filter and the others. 

[ ] [ ][ ] [ ][ ] GZSGfG XKKXKU 0-00-=  (22) 

When replacing the secondary term of equation (22) 
with RU , and shifting the first term of it into GA  of 
equation (20), in this case, equation (20) is rewritten 
as follows: 

RGGGfG UBXAX +=&  (23) 
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Because RU  denotes the input signal to filter 

system, it has the following condition: 
fR UU =  (24) 

Equation (23) expresses that fA  in equation (20) 
changes to )(optfA  in equation (25) where the optimum 
feed back gains are considered. Thus equation (25) 
gives the optimum filter. 

fffoptf KBAA -=)(  (25) 

The relationship of optimum filter between input 
signals and output signals are expressed as follows: 
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In the actual usage of above optimum filter system, 
equation (26) is replaced with digital filter in the 
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controller. The digital filtering method has a merit that 
makes it possible to calculate directly the output 
signal from input signal without calculating the 
responses of many state factors of filter system in the 
controller. Because digital filter is generally composed 
of the system with single input and single output, it 
has been difficult to apply the digital filter system to 
the above system that has four inputs and four outputs. 
Hence the above filter system is resolved into sixteen 
systems which have single input and single output. 
For example, the transfer function from 1sau  to 1zau  
is derived from using each corresponding component 
of 1faB  and 1faC  defined in equation (19) as follows: 
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From substituting the following bilinear 
transformation6 for s  in the equation (27), 
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where the symbol z/  and dT  denotes the variable 
of z-transform and sampling time respectively, and 
they are rewritten into the discrete-time system's 
functions. For example, the discrete transfer function 
from 1sau  to 1zau  is represented as )1/1( sazaH , which is 
derived from substituting equation (28) for s  in 
equation (27). The output signal does not directly 
become to 1zau , because the signal 1zau  is defined as 
the signal adding output signals from sau  and sbu . 
Hence it becomes necessary to have buffer 

)1/1(' sazau before obtaining final output signals. 
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where fn  represents the number of the poles. 

Because 1-/z  means 1 step delay, )1/1(' sazau  in time 
domain is calculated as follows: 
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i
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Using the other components of buffers calculated in 
the same way, the final output signals from the filter 
system are calculated as follows: 

( ) ( ) ( ) ( ) )()()()()( '
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'
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'
21

'
111 kukukukuku sbzasbzasazasazaza +++= (31) 
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'
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'
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'
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The initial characteristic of the filter is given not 
only as low pass filter for avoiding control-spillover 
but also high pass filter for removing static signals 
such as the static response excited by static pressure of 
wind and sensor drift components. As the result, the 
filters defined in equation (17) and (18) are given as 
band pass filters which pass the range of frequency 
covering the control target modes. The optimum filter 
system which is actually used at the building is shown 
in Fig.9. 

 
7. Vibration Control Performances 

Table 1 shows the damping performance obtained 
by free vibration test. It is concluded that the 
performance of controlled building meets the design 
criterion. 

Fig.10 shows the measured building responses and 
wind profile due to typhoon No.21 on October 1st, 
2002. The “With control” and “Without control” 
records are obtained by switching HMDs on and off  

        : Original Filter (1st, 2nd Mode)          : Optimum Filter (output a1)         : Optimum Filter (output b1) 
        : Original Filter (3rd, 4th Mode)          : Optimum Filter (output a2)          : Optimum Filter (output b2) 
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Fig. 9. Comparison between Original Filter and Optimum Filter 
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Table 1. Damping Performance 

Torsionally Coupled Transverse Longitudinal  1st Mode 2nd Mode 3rd Mode 4th Mode 1st Mode 
Without Control 0.77% 0.92% 0.85% 0.83% 1.15% 

With Control 12.7% 9.14% 3.17% 2.99% 3.59% 
 

repeatedly with five minutes・interval. The data, which 
have similar wind profile for “With control” and 
“Without control” are selected and shown in Fig.10. 
Note that in the case of “Without control” the TMD 
itself was locked using braking system. The results 
show that the acceleration response on the roof with 
control was reduced to 23% of that without control, 
which meets the design criterion. 

 
8. Conclusions 

1) For facilitating to manage the stroke 
displacement of AMD and preventing it from 
overshooting to input signal, we developed the 
method to convert the velocity controlled type of the 
conventional AC servomotor into the displacement 
controlled type with minor loops. 

2) We developed the method to correct the 
nonlinear characteristic of TMD composed of 
Multi-Layer Laminated Rubber Bearing by using the 
compressive spring system. 

3) The state equation combining above three terms 
and filter system is presented. 

4) The method to derive the optimum filter system 
from the initial filter which is set in order to prevent 
AMD from reacting to static pressure of the wind and 
to avoid the control-spillover is presented. 

5) We have verified the effects of a series of 

proposed vibration control methods from the data 
observed at the actual high-rise buildings. 
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Fig. 10. Wind Observation Records (Typhoon No.21 October 1st, 2002) 
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